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Pyrolysis-induced shrinking of three-
dimensional structures fabricated by two-
photon polymerization: experiment and
theoretical model
Braulio Cardenas-Benitez 1, Carsten Eschenbaum 2,3, Dario Mager 3, Jan G. Korvink 3, Marc J. Madou 1,4,
Uli Lemmer 2,3, Israel De Leon 1 and Sergio O. Martinez-Chapa 1
Abstract
The introduction of two-photon polymerization (TPP) into the area of Carbon Micro Electromechanical Systems (C-
MEMS) has enabled the fabrication of three-dimensional glassy carbon nanostructures with geometries previously
unattainable through conventional UV lithography. Pyrolysis of TPP structures conveys a characteristic reduction of
feature size—one that should be properly estimated in order to produce carbon microdevices with accuracy. In this
work, we studied the volumetric shrinkage of TPP-derived microwires upon pyrolysis at 900 °C. Through this process,
photoresist microwires thermally decompose and shrink by as much as 75%, resulting in glassy carbon nanowires with
linewidths between 300 and 550 nm. Even after the thermal decomposition induced by the pyrolysis step, the
linewidth of the carbon nanowires was found to be dependent on the TPP exposure parameters. We have also found
that the thermal stress induced during the pyrolysis step not only results in axial elongation of the nanowires, but also
in buckling in the case of slender carbon nanowires (for aspect ratios greater than 30). Furthermore, we show that the
calculated residual mass fraction that remains after pyrolysis depends on the characteristic dimensions of the
photoresist microwires, a trend that is consistent with several works found in the literature. This phenomenon is
explained through a semi-empirical model that estimates the feature size of the carbon structures, serving as a simple
guideline for shrinkage evaluation in other designs.
Introduction
Carbon micro-electromechanical systems (C-MEMS)
have emerged as a promising technology for the fabrica-
tion of miniaturized functional devices that used to be
based almost exclusively on silicon1. C-MEMS are made
up of carbon microelectrodes of a desired geometry,
which are derived by patterning of a polymer precursor
through photolithography, followed by thermal
degradation using pyrolysis in an inert environment
or vacuum. The thermal decomposition of ultraviolet
(UV)-cured resins at high temperatures2 (~900 °C) is
typically accompanied by a large volumetric shrinkage
of up to 90%3, leading to smaller carbon structures with
high aspect ratio. The pyrolytic process results in an sp2-
rich form of carbon known as glassy carbon, which
exhibits high isotropy, a wide electrochemical stability
window, biocompatibility, superior chemical resistance,
and under certain conditions, semiconductor-like elec-
trical properties2,4. These characteristics are advantageous
for the manufacturing of sophisticated microdevices,
which span electrochemical nanosensors5 to mechanical
metamaterials4.
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In C-MEMS, the selection of the polymer manufactur-
ing method plays a key role in the ﬁnal geometry,
dimensions and properties of the obtained carbon part6.
Conventionally, UV lithography can be used to pattern a
ﬂat, two-dimensional layer of a photoresist template,
which is subsequently converted into the desired carbon7.
Its linewidth resolution is fundamentally limited by dif-
fraction, and thus carbon electrodes are typically around
1 μm in width8,9, or slightly in the submicron range10.
Ideally, the selected polymer manufacturing method
should provide precise patterning, a tunable linewidth
resolution to meet the demand for increasingly smaller
devices, and a reasonable freedom of design to suit dif-
ferent applications.
Of the existing three-dimensional (3D) photolitho-
graphic techniques, TPP remains the only optical tech-
nology capable of producing complex, computer-
designed, photoresist structures with fabrication resolu-
tions beyond the limit of diffraction11. In TPP, the non-
linear optical absorption of a photosensitive polymer layer
induces a highly localized polymerization reaction,
resulting in a blob-like structure referred to as a voxel.
The dimensions of a voxel are deﬁned by the properties of
three main components: the optical system, the photo-
resist, and the photoinitiator11–13. This versatile micro-
fabrication method has been employed to produce a
variety of geometries and structures, ranging from 3D
photonic crystal structures14, to mechanical metamater-
ials4,15, and even conductive nanowires16.
In spite of the growing amount and increasing com-
plexity of geometries obtained by TPP, the materials used
in the technique have been mostly limited to cross-
linkable polymers16. The challenge is to manufacture
functional devices through TPP that are made from
materials that possess useful electrical, magnetic, optical,
and chemical properties17. In view of this, recent studies
have explored the combination of TPP with a high tem-
perature pyrolysis step to create versatile glassy carbon
micro/nanostructures. These include glassy carbon
“nanosculptures”18, woodpile structures19–23, bucky-
balls24, atomic force microscopy tips25, 3D carbon elec-
trodes26, and even metamaterials through carbon
nanolattices4. The combination of the fabrication ﬂex-
ibility from TPP and carbonization offers new opportu-
nities in several industrial applications by providing glassy
carbon structures with almost arbitrary shape that exhibit
superior chemical resistance, better wear and oxidation
resistance, thermal stability, higher elastic modulus, and
biocompatibility4,22,25. These advantageous properties
enable applications in metamaterials, nanoelec-
tromechanical systems, photonic crystals, and damage-
tolerant lightweight materials22. For instance, lightweight
glassy carbon mechanical metamaterials have been
reported to possess improved strength-to-density ratios
(1.2 GPa at 0.6 g cm−3), in part due to the material-
strengthening effects that take place through microlattice
size reduction4. Moreover, the improved biocompatibility
and mechanical strength of glassy carbon microstructures
can be readily used for transdermal drug delivery, offering
better stability and stiffness than most polymers27. In
addition to these advantages, photoresist-derived glassy
carbon has been used to fabricate conductive micro-
structures that have ohmic contacts3,28,29—a desirable
feature in functional microdevices. Despite the impor-
tance in analyzing the inherent volumetric shrinkage
experienced during pyrolysis of TPP structures, no studies
to date have experimentally and theoretically assessed
how the different geometrical building blocks, such as
nanorods or micro/nanowires30, and bars4,24, transform
upon carbonization. Thus, estimation of the voxel line-
width percent reduction would enable the rational design
of the carbonized version of photoresist templates, with-
out necessarily undergoing extensive optimization.
In this work, we study the pyrolysis-induced shrinkage
of structures consisting of suspended microwires of
photocured resin (SU-8 2050). By varying the TPP
exposure dose on the photoresist, the linewidth of the
photoresist microwires was controlled in the range of
1250–1800 nm and subsequently reduced to 300–550 nm
carbon structures through pyrolysis. This variation was
achieved by tuning the scanning velocity and power of the
laser, to produce a change in the exposure dose. We
examined the degree of shrinkage through direct mea-
surement using scanning electron microscopy (SEM), and
studied the quality of the obtained carbon material
through energy dispersive X-ray spectroscopy (EDS) and
Raman spectroscopy. In addition, we developed a semi-
empirical model that estimates the near-isometrical
transformation experienced by TPP structures after pyr-
olysis. The model is built from calculations of the car-
bonized residual mass fraction found in several reports
from the literature3,4,24,31,32. Using this empirical model,
we estimate the residual mass of the TPP structures,
assuming that the volatilized material: (1) is solely lost to
degassing; and (2) is dependent on the initially available
surface area of the microstructures. The results from this
empirical model reinforce the hypothesis that the overall
mass loss process that occurs during pyrolysis is largely
dependent on the surface-to-volume ratio of the initial
photoresist microstructure, consistent with previous stu-
dies of C-MEMS31. The current approach fundamentally
differs from other works presented in the literature in that
we present: (1) the approximate functional form of the
dependence between TPP exposure dose and feature
linewidth after pyrolysis; (2) a model that relates the
feature percentage reduction to the mechanical elonga-
tion and degassing of the structures; and (3) an empirical
model that uses ﬁtting parameters with a precise physical
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meaning, which allow its comprehensive application to
other works and contexts. A good agreement was
obtained between our model and the experimental line-
width measurements of the fabricated structures. Fur-
thermore, we have found that nanowire structures with
high aspect ratio (length over linewidth of 30 or more) can
be susceptible to buckling, resulting in deﬂections in the
range of 100–250 nm. By applying Euler’s buckling theory,
we show that this behavior is likely caused by the thermal
stress in the pyrolysis process. These results, together with
the shrinkage predictions, serve as simple design rules
that can help estimate carbon nanowire feature size and
shape after the thermal deformation induced by high
temperature pyrolysis.
Results
Fabrication of TPP structures
We ﬁrst undertook the fabrication of SU-8 microwires
by varying scanning velocity (v) and laser average power
(Pt) to study the effect of dosage on voxel linewidth.
Suspended SU-8 microwires were fabricated using a
vertical exposure conﬁguration, as depicted in Fig. 1a.
The layered structure consisted of an unexposed photo-
resist layer (SU-8 2050) atop a pyrolysis-resistant silicon
substrate. Microwires were then written by scanning the
focal spot of the microscope objective into the
photoresist volume, using an immersion oil droplet
directly on top of the photoresist interface. In Fig. 1b, we
illustrate a schematic representation of the exposure
geometry, which consisted of parallel walls bridged by the
suspended wires. Each microwire was written using a
different conﬁguration of v and Pt, effectively making a
dosage test ﬁeld.
Following the fabrication of the suspended SU-8
microstructures, the samples were pyrolyzed in a fur-
nace at 900 °C to obtain the carbon nanowire structures.
The pyrolysis process consisted of a heat ramp of 5 °C/
min up to 300 °C and then to 900 °C, with a dwell time of
1 h at each of those temperatures, followed by cooling to
room temperature at approximately the same ramp.
These values have been selected on the basis of previous
works on the fabrication of C-MEMS from SU-8 pre-
cursors7,31. Brieﬂy, the ﬁrst dwell time temperature (300 °
C) was selected because it corresponds to the critical
point of thermal stability for the SU-8 2000 series (5%wt.
loss starts slightly above 300 °C according to Microchem
in the SU-8 2000 datasheet). In addition, leaving the
sample for 1 h at this temperature allows the resin to
slowly initiate the degassing process, while evacuating any
residual oxygen from the chamber. In the case of the dwell
time at 900 °C, we selected that conﬁguration because
previous analysis of Thermogravitometric Analysis (TGA)
data shows that this is the point where the weight loss vs.
temperature curve starts to decrease signiﬁcantly in
slope31,33. Furthermore, this ﬁnal temperature has been
associated with the effective carbonization degree of the
sample34.
Photoresist microwires were visually inspected before
and after their carbonization using SEM. In Fig. 2a, an
SEM micrograph of a nonpyrolyzed TPP photoresist
sample is presented. This microstructure represents a test
ﬁeld in which the scanning velocity was varied in the
vertical direction, and the laser power was ﬁxed. We
observed that the TPP threshold for polymerization and
successful patterning of the wires was 1.13 ± 0.12 mW, at
a scanning velocity of 0.2 mm/s. Upon pyrolysis, photo-
resist microwires shrank and were converted into glassy
carbon, both by losing heteroatoms to volatilization and
by reconﬁguration of the remaining carbon atoms in their
structure.
Characterization of carbonized TPP structures
To conﬁrm the degree of carbonization of the samples,
we analyzed their carbon-to-oxygen (C/O) weight per-
centage, before and after pyrolysis using EDS. The C/O
content is commonly employed to characterize the com-
position of pyrolyzed samples35. Fig. 2c shows the high
C/O content of the photoresist precursor, which is
roughly in a ratio of 2:1. In Fig. 2c, d, the EDS spectra near
the carbon peak (0.277 keV) is plotted for the photoresist
M.O.
Silicon substrate
Exposed
structure
a
b v = 2 mm/s
v = 0.2 mm/s
5 µm
5 µm
80 µm
10 µm
Immersion
oil
Photoresist
(SU-8)
Fig. 1 a Femtosecond laser exposure scheme used to fabricate
suspended SU-8 wire structures, featuring the microscope objective
(M.O.) coupled to the SU-8 2050 ﬁlm using an immersion oil (N.A.=
1.4). b Schematic representation of the geometry of the exposed
structure. The suspended wires are written at different speeds as
indicated
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and pyrolyzed material, respectively. EDS analysis
revealed a 68.00% carbon content prior to pyrolysis, which
transforms into a normalized carbon atomic percentage of
91.29%. Likewise, oxygen content, associated with the
peak at 0.525 keV, changed from 32.00 to 8.71%, sug-
gesting a high degree of heteroatom volatilization in the
samples.
Pyrolysis of photoresists typically results in carbon
materials that are glassy in nature. To conﬁrm this, we
examined the bulk structure of the samples by Raman
spectroscopy. In Fig. 3, we show the spectrum of a sup-
porting wall structure, rather than a nanowire, since the
spot size of the visible excitation laser was not small
enough to individually resolve the suspended carbon
nanowires. This spectrum features three notable peaks,
which have been deconvoluted for analysis: (1) the peak
near 1594 cm−1, related to the graphitic G-peak
(~1581 cm−1), that is normally attributed to bond
stretching of all pairs of sp2 atoms36; (2) the peak at
1348 cm−1, indicative of the D-peak (~1360 cm−1),
ascribed to the breathing mode of sp2 aromatic rings and
structural defects36,37; and (3) a small modulated bump
(~2400–3100 cm−1) near the 2D-peak (~2700 cm−1),
which comes from an ill-deﬁned second order of the D-
peak38.
To deconvolute the spectrum in Fig. 3, we have ﬁtted
the data using the Breit–Wigner–Fano (BWF) line for the
G-peak, which accurately describes the band asymmetry
of amorphous carbons towards lower wave numbers36.
The D and 2D peaks have been, respectively, ﬁtted to a
Lorentzian, which lies within the BWF family of curves,
and a Gaussian, which accounts for the broadening of the
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Fig. 2 a Top view SEM image of SU-8 microbridge structures fabricated via TPP using different scanning velocities. b Top view SEM image of a
pyrolyzed structure, showing the morphological change in linewidth and length of the wires. c, d EDS spectra with the corresponding carbon and
oxygen atom peaks in structures (a, b), respectively
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Fig. 3 Measured Raman spectrum of the glassy carbon material
derived from pyrolysis of TPP structures, along with its
functional ﬁt. The peaks have been deconvoluted to indicate the
contributions from the D, G, and 2D bands, respectively
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second order Raman peak. In our samples, the G-peak is
upshifted close to 1600 cm−1, possibly indicating the
merging of G and D′ peaks due to high disorder38 or the
presence of a small crystallite size39. Moreover, this low-
range order is characteristic of a small in-plane correla-
tion length (La). For our samples, we ﬁnd that I(D)/I(G)=
1.04, and calculate that La ~1.4 nm, according to the
theory presented by Ferrari et al., which postulates the
dependence I Dð Þ=I Gð Þ / L2a36. The glassy nature of the
sample is further conﬁrmed by the complete absence of a
doublet structure in the 2D peak, and along with a broad
FWHM. The obtained FWHM for the 2D line is roughly
707 cm−1, representing a ~28-fold increase from that of
single-layer graphene. Thus, 2D-peak broadening evinces
of the absence of c-axis order in the samples38. Together
with the estimation of La, these observations provide a
qualitative description of the microstructure present in
the pyrolyzed sample.
The morphological evolution of the SU-8 wires is
revealed in the change from Fig. 4a to their carbonized
version in Fig. 4b. During pyrolysis, wires tend to thin
down due to a degassing process, causing a volumetric
shrinkage and therefore, linewidth reduction3,40.
Depending on the conﬁguration of the supporting struc-
tures before undergoing carbonization, the suspended
photoresist can either stretch40 or contract41 in the axial
direction. Thus, in order to estimate the elongation that
the suspended photoresist wires would experience after
pyrolysis, we ﬁrst analyzed the shrinkage that the sup-
porting anchoring points without the wires. In Fig. S2, we
show an SEM micrograph of the side view of the sup-
porting walls, which evinces how the separation between
the anchoring points changes after pyrolysis, providing
the pulling force that results on the axial deformation.
The axial strain, given by δ[%]= (Lf− Li)/Li, was mea-
sured in our experiments as δ[%]= 14.1 ± 2.0, corre-
sponding to wires stretching from an original length of
Li= 9.80 ± 0.40 μm to a ﬁnal length Lf= 11.18 ± 0.22 μm.
In the theoretical model, we will see that this stretching
accounts for only a slight diameter shrinkage, but that is
nonetheless required to get an accurate prediction of the
linewidth reduction. Moreover, we have also obtained a
perspective view (taken at 65°) of the pyrolyzed wires in
Fig. 4c, as well as a side view SEM micrograph of the
suspended carbon nanowires, in Fig. 4d. Using the side
view images, we managed to image a few samples (out-
ermost wires), capturing the characteristic voxel asym-
metry. Upon measurement, we determined that the voxel
aspect ratio (voxel axial length/linewidth) of the wires lies
between 1.5 and 1.9, for the thinnest and thickest struc-
tures, respectively.
We observed that the thinner carbon nanowire samples
were propense to buckling after the high temperature
pyrolysis process, as seen in Fig. 4b. Hence, to provide a
quantitative description of this deﬂection, we registered
its magnitude using the obtained SEM micrographs
(measured as the maximum deviation of the beam from
the central axis). Afterwards, we compared the measured
value against the aspect ratio of the nanowires; the com-
parison and signiﬁcance of this curve is discussed in a
later section of the paper.
Theoretical model of voxel linewidth
An expression for the resolution of the TPP linewidth
before pyrolysis can be obtained by taking into account
the different parameters involved in the fabrication
a
b
c
d
Pyrolysis 2 µm
2 µm 4 µm
4 µm
900°C
Fig. 4 Close-up, top view of a pair of suspended SU-8 photoresist microbridges produced by TPP (a) before and (b) after pyrolysis at 900 °C. c
Perspective view (65°) of a structure with carbon nanowires. d Side view of suspended carbon nanowires
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process, such as scanning velocity, average laser power,
repetition rate, and pulse duration, τL
42:
dline ¼ αw0 ln σ2N
2
0D
C
  1=2
C ¼ ln ρ0
ρ0  ρth
 
; σ2 ¼ σ 2ð Þη;N0 ¼ 2
πw20τLfrephωL
;
ð1Þ
where σ2 is the effective two-photon cross section for the
generation of radicals, deﬁned by the product of the two-
photon cross section, σ 2ð Þ and the efﬁciency of the
initiation process43, η < 1. N0 is the maximum photon
ﬂux at the focal plane, described by a gaussian distribu-
tion43 with waist given by the lateral resolution of the
focal spot, w0. The frep is the repetition rate of the laser,
and ωL= 2πc/λL. The C is an integration constant given
by the initial concentration of photoinitiator molecules ρ0
and the minimum concentration (threshold value) of
radicals needed to polymerize the resin, ρth; and α is a
constant reﬂecting the characteristics of the exposure
scheme, which describes the fact that diffraction limit is
not the sole factor determining voxel feature size44. In
writing Eq. (1), we have used the term D, which can be
thought of as a TPP exposure dose in the scanning line
conﬁguration given by
D ¼ frepτL
ﬃﬃﬃ
π
p
w0
2v
P2t ð2Þ
where v represents the velocity of the moving stage
(scanning velocity), typically in µm/s to mm/s (see
supplementary material for details). As seen from Eq.
(2), the TPP exposure dose includes an inverse velocity
dependence, which is proportional to the exposure time in
analogy to the normal exposure scheme42,43. Note that the
TPP exposure dose does not have energy density units as
the conventional exposure dose (typically given in mJ/
cm2), but rather is an experimentally determined para-
meter that condenses all the conditions used to perform
the exposure experiments. Furthermore, D will have the
same units (W2s) as in the case single voxel exposure43—
where instead of using v and Pt, one uses exposure time
(typically in ms by controlling a shutter) and Pt. Thus,
given a set of experimental conditions, D can be deﬁned
and voxel linewidth will be fundamentally determined by
this parameter as indicated by Eq. (1). However, for
comparison purposes, D can be compared with the
conventional single-photon exposure dose, as this last
quantity is deﬁned by exactly the same experimental
variables (see supplementary material for details on this
expression).
We proceeded to plot Eq. (1) for the experimentally
obtained voxel linewidths in Fig. 5a (square markers, di)
using σ2/C and α as least square ﬁtting parameters. In this
plot, we present the dependence of the linewidth of SU-8
wires with the TPP exposure dose as a continuous plot
line, which is in agreement with previous reports on TPP
of wires30,45. For comparison purposes, the secondary x-
axis has been replaced with the exposure dose (mJ/cm2).
However, notice that the spacing of this secondary axis is
not linear, since the primary x-axis depends on ~P2t ,
rather than on Pt. By ﬁtting the voxel linewidth data, we
ﬁnd that σ2/C= 2.92 × 10
−51cm4 s and α= 3.16, which
results in a coefﬁcient of determination of R2= 0.988. The
obtained value for σ2/C closely resembles that reported in
other works for SU-8, which place σ2/C ~3.00 × 10
−51
cm4 s42. In our case, SU-8 2050 contains 3.4 wt.% of
photoinitiator molecules (ρ0= 3.4%) according to the
vendor (Microchem) datasheet. Using typical values for
the polymerization threshold (ρth= 0.25%), we calculate
that σ2= 2.23 × 10
−52 cm4 s. This value represents a lower
two-photon absorption sensitivity than those of specially
designed initiators, such as π-conjugated molecules
(~10−50–10−47 cm4 s)43, as expected. Last, other reports
on the study of TPP structures place α around 2.8837,
which is close to the obtained value in our ﬁt.
Theoretical model of voxel linewidth shrinkage
Next, we estimate the linewidth reduction after pyr-
olysis due to the stretching and degassing process. Note
that a complete model that accurately predicts the mor-
phological evolution of a photoresist wire due to pyrolysis
would require at least the incorporation of interfacial and
surface energies of each of the involved components
(polymer, volatiles, and carbon), as these parameters sig-
niﬁcantly affect the shrinking process of the micro/
nanostructures46. Nonetheless, if the residual carbon
weight fraction [i.e. (wf=mf/mi)] that remains after pyr-
olysis is known from previous experimentation, then one
can estimate the linewidth reduction as follows. As a ﬁrst
approximation, we assume that the suspended photoresist
bridges have a transversal circular cross-sectional area
and total volume Vi ¼ πd2i Li=4, where di and Li are the
initial diameter and length, respectively. Given that wires
tend to stretch during pyrolysis in our experiments [see
Fig. 4b], we assume that an axial deformation on a wire
with Poisson’s ratio v induces a diameter reduction,
according to the relation:
d′ ¼ di 1þ δð Þν; ð3Þ
where d′ is the diameter of the cylinder after the distor-
tion (see the supplementary material for details)47.
Although this reduction and that from the volatilization
happen simultaneously during carbonization, we assume
that the volumetric shrinkage can be modeled by ﬁrst
estimating the dimensions of the stretched cylinder [with
diameter d′ and length L′= (1+ δ)Li], and then factoring
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in the lost volume due to degassing. Thus, we note that
the ﬁnal volume will be given by a volumetric fraction of
the volume prior to volatilization, i.e. Vf= θV′, where θ ¼
ρi
ρf
wf with ρi being the initial polymer density, ρf the
resulting glassy carbon density, and V′= πd′2L′/4. As an
example, some references on the study of C-MEMS place
wf between ~0.15
33 and ~0.3031, depending on the tem-
perature of the pyrolysis treatment, heating rate, and
polymer precursor. A derivation for the residual carbon
mass fraction wf, and θ as a function of the initial geo-
metry of the photoresist wires can be found on the sup-
plementary material.
An important consideration in our simpliﬁed stretching
model is that the v remains constant for the duration of
the axial deformation. Strictly speaking, v will be a func-
tion of temperature and time, and possibly other variables.
As the precursor material (SU-8) is progressively heated
to temperatures beyond the glass transition temperature
(Tg), it enters a “rubbery” state prone to deformation
25.
However, studies on the dependence of the v of SU-8 with
temperature indicate that it practically reaches a terminal
value of ~0.5 near 200 °C48 (Tg= 215 °C according to the
datasheet). Thus, since our experiments are carried out
beyond this temperature, we have taken the value of v to
be 0.5 as an approximation (which is the case of a per-
fectly incompressible material under elastic deformation).
In order to gain insight into the relationship between
the residual mass fraction and the initial dimensions of
the photoresist structures, we calculated wf after pyrolysis
for several cylindrical (or nearly cylindrical bars) photo-
resist structures and features reported in the literature.
We proceeded to compare these points with our obtained
values for wf and plotted the results on Fig. 5b, where the
x-axis represents the characteristic dimension (diameter)
of the cylindrical structures. Although some of these
works studied structures that are only geometrically
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fraction after pyrolysis for several works reported in the literature and the current work, for cylindrical posts and suspended bar geometry [using
wf ¼ ρfρi
 
1 ±d%ð Þ2 1 ± δ%ð Þ, see supplementary material]. The continuous line represents the ﬁtting of the proposed mass fraction function, and the
dashed lines corresponds to the 90% conﬁdence intervals. c Feature linewidth shrinkage as a function of the initial voxel linewidth, along with the
predicted value by the theory. The 90% conﬁdence intervals have been added as dashed lines
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approximate to our suspended bridges, they were chosen
on the basis of their similarity to our samples in terms of:
(1) the photolithography method used to derive them, i.e.
UV-photolithography and TPP lithography; (2) the pyr-
olysis conditions used to fabricate them (~900 °C); (3)
their aspect ratios (~10:1 or more); and (4) their surface
area ratio (SAR) value31, where we have selected struc-
tures whose SAR > 1, meaning that the lateral surface of
the wires was greater than their top surface (for cylindrical
posts, common in C-MEMS) or their transversal area (for
suspended bars). In the plot, we observe that the wealth of
the data points to a reduction in wf as the characteristic
dimension reduces (or alternatively, as the surface-to-
volume ratio sV increases). This trend has been identiﬁed
by a ﬁt in the continuous line (see supplementary material
for details on the equation); in addition, the functional ﬁt
has been calculated solely from the values found in the
literature. Moreover, Fig. 5b shows how wf increases with
di, reaching a terminal mass fraction value w1, enclosed by
the boundaries of the grayed-out area of the plot. The
upper and lower values of this range correspond to
~15%33 and ~23%34, which are the calculated remaining
mass fractions after pyrolysis reported for spin-coated
ﬁlms of SU-8; this last number, however, can go as high as
27.2% according to other TGA measurements49. Clearly,
our experimentally obtained values in the range of
~1–2 µm are in fair agreement with the overall trend of wf
vs. characteristic dimension. Therefore, the calculated
values for wf from the literature allowed us to establish a
semiempirical relationship between initial geometry of the
photoresist bridges and their residual mass after pyrolysis.
Once the residual carbon weight fraction and the
remaining volumetric fraction were deﬁned as a function
of the characteristic dimension of the structures (di), we
combine the fact that Vf= θV′ with the contribution from
Eq. (3), to show that the ﬁnal diameter of the structure
will shrink approximately according to the following
relation:
df ¼ di
ﬃﬃﬃ
θ
p
1þ δð Þν; ð4Þ
where as before, θ ¼ ρiρf wf , and wf= f (di).
In Fig. 5a, the experimentally measured linewidths after
pyrolysis are compared against the TPP exposure dose
used to fabricate them. The dashed line corresponds to the
theoretical value of df derived from Eq. (4) using ρi=
1.19 g/cm350, ρf= 1.4 g/cm
351, v= 0.548,49, and δ [%]=
14.1% (obtained from our measurements). For that plot, di
was set to Eq. (1) using the previously found parameters.
In addition, the function wf= f(di) was deﬁned using solely
the ﬁtted parameters from the literature, which corre-
spond to an effective mass ﬂux of jm, eff ~62 fg/(μm
2 h),
and residual fractions of w0= 0.01, w1= 0.18, where we
have used an effective pyrolysis time of τp, eff ~4.9 h as in
our experiments (see supplementary material for details).
Therefore, the plot from Fig. 5a essentially represents a
prediction of the pyrolyzed carbon nanowire diameter df,
for a given value of exposure dose. By comparing each
experimental value of df to its predicted value, we obtained
an R2= 0.994, indicating that the experiments are in close
agreement with the presented model.
Last, the results from Eq. (4) can also be summarized by
indicating the feature shrinkage percentage for each
photoresist wire of a given initial diameter, i.e.,
d% dið Þ ¼ 1 dfdi , or
d% dið Þ ¼ 1
ﬃﬃﬃ
θ
p
1þ δð Þν  ð5Þ
Figure 5(c) shows the shrinkage percentage for each
measured pair (df, di), illustrating the dependence of the
reduction on initial geometry. In this graph, the con-
tinuous line represents the expected reduction predicted
by the theory. Moreover, since the plot for d% depends on
θ, we have used the conﬁdence intervals (90%) from Fig.
5b to estimate upper and lower boundaries for Fig. 5c.
Although Eq. (5) provides a fair estimate of the feature
shrinkage percentage, it is important to note that the
obtained coefﬁcient of determination indicated a slight
deviation, with R2= 0.71, which is clear from Fig. 5c. This
deviation comes from the fact that d% is a sensitive vari-
able of di, and thus slight differences in d% against its
theoretical value are expected to result in reduced R2
values, even though the maximum difference from the
theory is only of 1.6% (for di= 1405 nm). In addition, the
trend in the predicted graph would seem to indicate that
the deviation from the theory increases as the wire line-
width increases. We believe the shortcomings in our
model primarily stem from the assumption that voxel
lines are axisymmetric. The thicker samples
(1400–1800 nm) have been fabricated using a higher
energy density dose, and thus are likely to present higher
voxel asymmetry (the maximum voxel asymmetry of ~1.9
for di= 1821 nm). Hence, we hypothesize that longer
voxel structures could result in more lateral area available
for degassing, meaning more reduction, which could
explain why our prediction falls short. Nonetheless, more
experiments speciﬁcally studying the effect of voxel
asymmetry are necessary to support this claim. Another
plausible source of error could come from the predicted
trend in Fig. 5b, which broadly assumes that the observed
behavior in the literature is applicable to our devices.
Different ﬁtting values on that graph inevitably introduce
a systematic error on Fig. 5c by shifting the predicted
shrinkage curve up or down, as seen from the conﬁdence
interval dashed lines.
Buckling of the carbon nanowires
We now turn our attention to the buckling present in
the thinnest samples of the carbon nanowires. In Fig. 6,
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we present a plot of the buckling magnitude (i.e., the
distance from the central axis of the wire to the point of
maximum deﬂection) vs. the aspect ratio of the pyrolyzed
suspended structures (Lf/df. From the graph, it is clear
that wires in the aspect ratio range 19 ≤ Lf/df < 30 corre-
sponding to 400 nm <df ≤550 nm experience negligible
buckling, while those in the range Lf/df > 30 (300 nm ≤ df
<400 nm) tend to deﬂect signiﬁcantly, with deﬂections of
230 ± 24 nm. A plausible explanation for the buckling can
be proposed by ﬁrst estimating the critical stress that a
nanowire of a given aspect ratio (or slenderness ratio) can
sustain before it bends, and then by comparing that value
with the thermal stress induced by the pyrolysis process.
For a wire of a given df, Lf, and Young’s modulus E, pined
on both sides, the critical stress will be52:
σcr ¼ π
2E
KLf
rg
 2 ; ð6Þ
where K is the effective length factor (K= 0.5 for a pined-
pined case), and rg is the radius of gyration (rg= df/4,
assuming a circular cross section). In the secondary axis of
Fig. 6, we have plotted Eq. (6) as a continuous line using
E= 30 GPa53. Last, we have plotted a vertical dashed line
that represents the aspect ratio value at which σcr= σth,
which we have deﬁned as σth= EαL(T0−Tf), where αL is
the coefﬁcient of thermal expansion in [1/K], and T0,Tf
represent the initial and ﬁnal temperatures in the heating/
cooling process. From Fig. 6, we observe that wires with
lower critical stress than σth ~84MPa exhibit the greatest
buckling. This is a plausible value for σth if we assume ΔT
~875 °C (difference with room temperature of 25 °C),
resulting in αL ~3.2 × 10
−6 °C−1, which is within the
reported ﬁgures for glassy carbon6,54. In Fig. 6, we see that
a stress of σth can be withstood by a wire with aspect ratio
of ~30 according to the theory—a reasonable threshold,
since wires with greater aspect ratio present signiﬁcant
buckling.
Discussion
Shrinking values herein reported range between 70 and
75%, in agreement with previous reports on the pyrolysis
of suspended SU-8 structures40. This reduction is likely
caused predominantly by volatilization losses, rather than
strain induced effects. For instance, the assumption of no
degassing in Eq. (5), (wf= 1), would result in d% ~16%,
which does not match our experimental observations.
This argument is further substantiated by the fact that a
signiﬁcant strain would likely result in a noticeable
necking deformation in the central part of the nanowires.
However, we found that linewidths did not exhibit a sig-
niﬁcant variability in the axial direction [see Fig. 4b]. From
the plot on Fig. 5c, it can be seen that pyrolysis of the
samples resulted in a volumetric shrinkage dependent on
the initial linewidth of the suspended microwires, with
thinner samples leading to the greatest shrinking values.
This observation suggests that wf is linked to the size of
TPP structures due to the dependence of volatilization
with the available surface interface31, which is greater in
smaller samples because of their increased surface-to-
volume ratio. Therefore, the overall hypothesis that
shrinkage is dependent on surface-to-volume ratio is
supported by our results and the pattern found for pre-
vious studies, as demonstrated in Fig. 5b.
Note that while SAR values have been used in the past
to assess its effects on volume shrinkage, to our knowl-
edge, this has only led to empirical estimations that entail
no direct physical interpretation31. In contrast, the
expression that we give for the residual mass fraction after
pyrolysis speciﬁcally gives insight into to the important
parameters that affect it (i.e., jm, eff, τp, eff, ρi). Thus, the
model takes as input the information from the polymer
wire geometry, physical properties (v, material densities ρi,
ρf), and the surface-to-volume vs. calculated residual mass
fraction behavior (obtained from the literature), in order
to produce the theoretical estimation. Once obtained, this
estimation can be compared with the experimentally
obtained postpyrolysis linewidths, rather than performing
a function ﬁtting the data, thereby facilitating the opti-
mization and rational design of the desired carbon
nanowire structures.
The presented fabrication scheme has several advan-
tages for the fabrication of suspended carbon nanowires.
By using a carbon rich precursor with sufﬁcient
mechanical robustness like SU-8 2050, we were able to
create freely suspended carbon structures that did not
collapse upon carbonization. Such problem has been
reported particularly with different photoresists, as is the
case of IP-Dip used in commercial TPP setups25.
Choosing pure SU-8, however, comes with the
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disadvantage of lower σ2 sensitivity, and therefore bigger
linewidth features, because it contains only conventional
UV-absorbing cationic photoinitiator molecules (triar-
ylsulfonium hexaﬂuorantimonium) with a single photon
absorption peak at 365 nm45. Another remarkable result is
that the dosage dependence of Eq. (1) is retained even
after the deformation induced by the high temperature
pyrolysis, as shown in Fig. 5a (circle markers, df). This
allows for acceptable control over the ﬁnal dimensions of
the nanostructures in the range 300–550 nm. Photoresist
nanostructures subjected to carbonization are known to
suffer semi-isotropic shrinkage, characterized by “gum-
like” distortions in one or several directions, depending on
the topography of the substrate they are ﬁxed to4.
Nonetheless, we believe that the SU-8 line structures here
presented suffered a marginal deformation of this kind, as
the height of the structures prior to pyrolysis was rela-
tively short (5 µm), and the effect is known to become
signiﬁcant for tall structures only (20–80 µm, or more)40.
Although TPP allowed us to create suspended 3D car-
bon nanowires, the objective of this study was not to
exploit the versatility of the technique to create a complex
geometry. Rather, the main objective was to systematically
analyze how the suspended structures written by TPP
transform upon carbonization. Nonetheless, a notable
advantage of these structures is that they are seamlessly
embedded within two posts in a single piece (support
wall-wire-support wall). This “monolith” conﬁguration is
expected to result in a highly stable ohmic contact3, which
can be straightforwardly used as a platform to produce
nanogap-sized electrodes28. In this prospect, the combi-
nation of TPP with pyrolysis is expected to be particularly
useful, since it can routinely provide a ﬁne control over
nanowire length, and hence, over nanogap size28.
Other possible C-MEMS applications that beneﬁt from
the manufacturing of carbon nanowires with predictable
feature sizes include label-free impedance-based nano-
biosensors55, nanoparticle-based gas sensors56, and elec-
trochemical immunosensors5. In these perspective
applications, the multiple pyrolysis parameters (i.e., ﬂow
rate, heating/cooling ramp rate, intermediate/ﬁnal tem-
peratures, and dwell times) are expected to play a decisive
role over the electrical, physical, and electrochemical
properties of the derived glassy carbon57. However, in this
introductory study, we decided to maintain the pyrolysis
conditions ﬁxed in order to focus on the impact of the
prepyrolysis geometry on feature shrinkage. This reason-
ing is substantiated by the fact that feature shrinkage
primarily depends on initial geometry, when compared
with other pyrolysis parameters31. Thus, future studies
could include not only the effect that ﬂow rate, ramp rate,
or other pyrolysis parameters have on shrinkage, but also
the inﬂuence they have on the required physical and
chemical properties of the manufactured C-MEMS
device.
Contrary to our methodology, other available technol-
ogies that integrate carbon nanowires into C-MEMS
structures conventionally require a two-step process
consisting of (1) the fabrication of the micron-ranged
supporting structures (usually through UV-photo-
lithography) and (2) the fabrication of the carbon nano-
wire precursor, for example through two-step
photolithography58, far ﬁeld electrospinning29,55, or elec-
tromechanical spinning40. Leveraging the fabrication
advantages of TPP, however, comes with added fabrica-
tion complexity, in terms of required equipment and
operating conditions (i.e., a stable femtosecond pulsed
laser). Moreover, the voxel asymmetry (not studied here),
will likely result in carbon nanowires with noncircular
cross sections. Despite these shortcomings, the scanning
voxel conﬁguration provides a ﬁne, two-parameter con-
trol (v and Pt) over feature linewidth, which remains to be
rivaled by more commonly used electrospinning-based
methods.
Conclusions
The present study provides a methodology to evaluate
the morphological and geometrical dependence of carbon
nanowire/C-MEMS hybrid structures with TPP process
variables (i.e., scanning velocity, laser power, repetition
rate, and pulse duration). Furthermore, the presented
analysis showed how the volumetric reduction in the
carbon nanowires can be directly linked to the increase of
surface-to-volume ratio in the structures. Although this
connection had been previously pointed out, our semi-
empirical model and experimental results elucidate the
relationship in more quantitative terms. We believe these
guidelines could provide an effective method for the
optimization of more complex C-MEMS micro/nanos-
tructures produced by TPP.
The presented model for the TPP linewidth resolution,
however, contains assumptions that could be improved in
future works, such as the voxel diameter versus voxel
length symmetry43 and the simpliﬁcation of the pyrolysis
volatilization mechanics. More topologies of the wire-
supporting structures could be explored to induce differ-
ent deformations upon pyrolysis. Depending on the
intended application, a careful microstructure analysis will
be required, for instance, conductivity measurements in
the case of carbon microwire impedance-based sensors. In
performing those studies, the design versatility provided by
TPP will facilitate the integration of the template photo-
resist structure within intricate geometries, which would
allow for insightful microstructure characterization.
Cardenas-Benitez et al. Microsystems & Nanoengineering            (2019) 5:38 Page 10 of 13
Materials and methods
Photoresist ﬁlm preparation
The photoresist structure preparation began with
polymer coating of the silicon substrate. Silicon squared
substrates (Si, 2 cm × 2 cm, thickness 525 µm) were
cleaned using a 5-min acetone ultrasonic bath, followed
by 5-min rinsing with isopropyl alcohol under the same
conditions. Substrates were then taken to an oxygen
plasma treatment for 2 min for further cleaning. After-
wards, SU-8 2050 (Micro Resist Technology GmbH, DE)
was spin coated for 10 s at 5000 rpm (accel: 100 rpm/s)
followed by 30 s at 3000 rpm (accel: 300 rpm/s) to evenly
spread a photoresist thin ﬁlm. Using these speciﬁcations, a
43-μm-thick ﬁlm was obtained, which was measured
using a Bruker Dektak XT proﬁlometer. Next, softbake of
the ﬁlm was carried out at 95 °C for 8 min. Samples were
then taken to the TPP setup for exposure. Following this
step, postexposure bake of the samples was performed at
95 °C for an additional 8 min to complete the cross-
linking process. Finally, samples were taken to developing
using SU-8 developer (mr-Dev 600, Micro Resist Tech-
nology GmbH, DE) for 8 min in sonication.
TPP writing procedure
The TPP experiments were carried out using a pre-
viously reported custom-made setup59. TPP was obtained
using a femtosecond pulsed laser (Coherent Mira 900D
titanium:saphire laser) with central wavelength of λ=
800 nm and a pulse duration of τL= 150 fs, at a repetition
rate of frep= 76MHz, pumped by a frequency-doubled
Nd:YVO4 laser (Coherent Verdi V10). The resonator was
set for practical purposes its most efﬁcient wavelength
(800 nm). This value closely corresponds to those which
have been used in previous TPP experiments with SU-8
resins30,45,60,61. In addition, it has been previously shown
that off-the-shelf SU-8 has a good light intensity threshold
for two-photon absorption close to that wavelength
(796 nm)45. The laser beam was coupled to a conventional
upright optical microscope (Zeiss Axioplan) featuring a
Zeiss Apochromat 100× oil immersion objective lens
(NA= 1.4). Before entering the optical microscope, the
laser beam was expanded to ﬁll the back aperture of the
objective lens in order to achieve a lateral resolution of
w0 ≈0.61λ/NA= 350 nm.
A three-axis nanometer positioning stage (PI P-
563.3CD) was used to scan a focal spot into the photo-
resist sample. In addition, an automatic shutter (Thorlabs
SC10), a motorized gradient neutral density ﬁlter, and a
photodiode (Thorlabs DET 110) were used to control
exposure time and transmitted power of the laser.
In order for samples to be ﬁxed to the substrate [Fig.
1a], the vertical region where SU-8 lies must be manually
located by monitoring the intensity of ﬂuorescence with a
CCD camera, while varying the focal distance to the
sample. This ﬂuorescence must be induced with a low
laser power (0.8 mW in our case) to prevent polymeriza-
tion prior to fabrication start up. When the focal spot was
within the immersion oil, no characteristic ﬂuorescence
response was recorded. However, once the focal spot
reached the SU-8 interface, the ﬂuorescence readout was
evident, followed by a fully measurable ﬂuorescence peak
when penetrating 1–2 µm into the sample. After further
movement of the focal spot the ﬂuorescence signal
eventually disappeared, indicating that the silicon/photo-
resist interface was found. This procedure was repeated
two more times at relative coordinates to deﬁne a three-
point plane (of 300 µm2) which described the orientation
of the sample.
A total of 15 pairs of walls were produced per silicon
substrate, varying Pt from 0.2 to 3 mW in steps of 0.2 mW,
corresponding to peak powers from 17.5 to 263W. The
walls were 5 µm tall, 5 µm wide, and 80 µm long, and the
separation between them was ﬁxed to 10 µm [Fig. 1b]. The
number of wires for each pair of walls was set to 19,
varying the scanning velocity from 0.2 to 2 mm/s in steps
of 0.2 mm/s.
Pyrolysis of TPP structures
Samples were pyrolyzed in a furnace (PEO 601, ATV
Technologie GmbH, DE) at 900 °C. In order to create an
inert environment to perform pyrolysis, the furnace was
ﬂooded by a continuous ﬂow of ultra-high purity nitrogen
(N2, 99.999%) at 5.5 L/min for 100min. Afterwards,
samples were heated at a rate of 5 °C/min up to 300 °C
and then to 900 °C with a dwell time of 1 h at each of
those temperatures. Finally, samples were cooled down to
room temperature. A plot of the described protocol can
be found in Fig. S3.
Characterization
Visual inspection of the photoresist microstructures was
carried through SEM, using an EVOMA25, Carl Zeiss AG
microscope (Oberkochen, DE). Five linewidth samples
were taken per wire to assess the dependence of voxels
with TPP exposure dose. After carbonization, the line-
width of samples was evaluated again to measure the
degree of shrinkage induced by pyrolysis. We analyzed the
C/O ratio of these samples through EDS (XFlash 6, Bruker
Corporation, Billerica, MA, USA). Due to the limited area
that micro/nanowires offer for analysis, the EDS spectra
was obtained and averaged from a supporting wall
structure.
Pyrolyzed photoresist samples were characterized by
Raman Spectroscopy using a Reinshaw InVia Raman
Microscope (excitation laser: 532 nm), to evaluate the
microstructure and graphitization within pyrolyzed sam-
ples. The spot of the laser was focused on the supporting
structures (5 µm × 5 µm × 80 µm), which had an adequate
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size to resolve the Raman spectra. The entrance slit was
set 65 µm, and the grating to 2400 I/mm grating, using a
12-pixel area.
Acknowledgements
The authors would like to acknowledge the ﬁnancial support provided by
CONACYT (grant no. CB-2014-1-241458) and the Nanosensors and Devices
Research Group at Tecnologico de Monterrey (0020209I06). Authors would
also like to thank the DAAD for funding the initiation of this collaboration
under the ProAlMex Grant (ElecOpterCD). Further we would like to express our
gratitude to the DFG that supported the research through the Excellence
Cluster 3D Matter Made to Order (3DMM2O).The Authors also appreciate the
assistance of Derosh George in the Raman characterization of the samples.
Author details
1School of Engineering and Sciences, Tecnologico de Monterrey, Av. Eugenio
Garza Sada 2501 Sur, 64849 Monterrey, NL, Mexico. 2Light Technology Institute,
Karlsruhe Institute of Technology (KIT), Engesserstraße 13, 76131 Karlsruhe,
Germany. 3Institute of Microstructure Technology, Karlsruhe Institute of
Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany. 4Department of Mechanical and Aerospace
Engineering, University of California, Irvine, 4200 Engineering Gateway, Irvine,
CA 92697, USA
Authors' contributions
B.C.B., M.J.M., and S.O.M.C. conceived the idea of pyrolyzing the TPP structures.
S.O.M.C. and I.D.L. directed the project. B.C.B., C.E., and D.M. designed the
experiments. C.E. arranged the TPP setup under the guidance of U.L., B.C.B.
performed the fabrication of the samples and carried out all the
characterization of the samples, with the exception of the Raman
spectroscopy. B.C.B. developed the theoretical model with the help of C.E. B.C.
B., C.E., and I.D.L. analyzed the data. D.M., J.K., M.J.M., S.O.M.C., and I.D.L.
provided helpful suggestions and insight on the experimentation and data
presentation. B.C.B. wrote the paper. All of the authors commented on
the paper.
Conﬂict of interest
The authors declare that they have no conﬂict of interest.
Supplementary information accompanies this paper at https://doi.org/
10.1038/s41378-019-0079-9.
Received: 16 January 2019 Revised: 6 May 2019 Accepted: 25 May 2019
References
1. Madou, M. J., Perez-Gonzalez, V. & Pramanick, B. Carbon: The Next Silicon?: Book
1-Fundamentals (Momentum Press, New York, NY, 2016).
2. Schueller, O. J. A., Brittain, S. T., Marzolin, C. & Whitesides, G. M. Fabrication and
characterization of glassy carbon MEMS. Chem. Mater. 9, 1399–1406 (1999).
3. Lim, Y., Heo, J., Madou, M. & Shin, H. Monolithic carbon structures including
suspended single nanowires and nanomeshes as a sensor platform. Nanoscale
Res. Lett. 8, 1–9 (2013).
4. Bauer, J., Schroer, A., Schwaiger, R. & Kraft, O. Approaching theoretical strenght
in glassy carbon nanolattices. Nat. Mater. 15, 438–443 (2016).
5. Sharma, D., Lee, J. & Shin, H. An electrochemical immunosensor based on a
3D carbon system consisting of a suspended mesh and substrate-bound
interdigitated array nanoelectrodes for sensitive cardiac biomarker detection.
Biosens. Bioelectron. 107, 10–16 (2018).
6. Martinez-Duarte, R. SU-8 photolithography as a toolbox for carbon MEMS.
Micromachines 5, 766–782 (2014).
7. Wang, C. & Madou, M. From MEMS to NEMS with carbon. Biosens. Bioelectron.
20, 2181–2187 (2005).
8. Heo, J. I., Shim, D. S., Teixidor, G. T., Oh, S. & Madou, M. J. Carbon interdigitated
array nanoelectrodes for electrochemical applications. J. Electrochem. Soc. 158,
76–80 (2011).
9. Sharma, D., Lee, J., Seo, J. & Shin, H. Development of a sensitive electro-
chemical enzymatic reaction-based cholesterol biosensor using nano-sized
carbon interdigitated electrodes decorated with gold nanoparticles. Sensors
17, E2128 (2017).
10. Lim, Y., Lee, B., Heo, J. & Shin, H. Gold nanoparticle-carbon nanowire hybrid
interdigitated array nanoelectrodes for enhancing electrochemical singnal
ampliﬁcation. In Proc. 17th International Conference on Solid-State Sensors,
Actuators and Microsystems (TRANSDUCERS and EUROSENSORS XXVII) 290–292
(Barcelona, Spain, 2013). https://doi.org/10.1109/Transducers.2013.6626759.
11. Malinauskas, M., Farsari, M., Piskarskas, A. & Juodkazis, S. Ultrafast laser nanos-
tructuring of photopolymers: a decade of advances. Phys. Rep. 533, 1–31
(2013).
12. LaFratta, C. N., Fourkas, J. T., Baldacchini, T. & Farrer, R. A. Multiphoton fabri-
cation. Angew. Chem. Int. Ed. 46, 6238–6258 (2007).
13. Li, L. & Fourkas, J. T. Multiphoton polymerization. Mater. Today 10, 30–37
(2007).
14. Von Freymann, G. et al. Three-dimensional nanostructures for photonics. Adv.
Funct. Mater. 20, 1038–1052 (2010).
15. Bauer, J. et al. Nanolattices: an emerging class of mechanical metamaterials.
Adv. Mater. 29, 1701850 (2017).
16. Blasco, E. et al. Fabrication of conductive 3D gold-containing microstructures
via direct laser writing. Adv. Mater. 28, 3592–3595 (2016).
17. Barner-Kowollik, C. et al. 3D laser micro- and nanoprinting: challenges for
chemistry. Angew. Chem. Int. Ed. 56, 15828–15845 (2017).
18. Daicho, Y., Murakami, T., Hagiwara, T. & Maruo, S. Formation of three-
dimensional carbon microstructures via two-photon microfabrication and
microtransfer molding. Opt. Mater. Express 3, 875 (2013).
19. Gailevičius, D. et al. Fabrication of 3D glass-ceramic micro- /nano-structures by
direct laser writing lithography and pyrolysis. In Advanced Fabrication Tech-
nologies for Micro/Nano Optics and Photonics XI 10544, 1054416 (SPIE, San
Francisco, California, USA, 2018).
20. Gailevicius, D. et al. Laser nanolithography and pyrolysis of SZ2080 hybrid for
slowing light in 3D photonic crystals. In Advanced Fabrication Technologies for
Micro/Nano Optics and Photonics X 10115, 1011511 (SPIE, San Francisco,
California, USA, 2017).
21. Padolskytė, V. et al. 3D opto-structuring of ceramics at nanoscale. In 3D Printed
Optics and Additive Photonic Manufacturing 10675, 106750U (SPIE, Strasbourg,
France, 2018).
22. Brigo, L. et al. 3D nanofabrication of SiOC ceramic structures. Adv. Sci. 5,
1800937 (2018).
23. Gailevičius, D. et al. Additive-manufacturing of 3D glass-ceramics down to
nanoscale resolution. Nanoscale Horiz. 4, 647–651 (2019).
24. Seniutinas, G. et al. Beyond 100 nm resolution in 3D laser lithography—post
processing solutions. Microelectron. Eng. 191, 25–31 (2018).
25. Zakhurdaeva, A. et al. Custom-designed glassy carbon tips for atomic force
microscopy. Micromachines 8, E285 (2017).
26. Yang, C. et al. 3D-printed carbon electrodes for neurotransmitter detection.
Angew. Chem. Int. Ed. 57, 14255–14259 (2018).
27. Mishra, R., Pramanick, B., Maiti, T. K. & Bhattacharyya, T. K. Glassy carbon
microneedles—new transdermal drug delivery device derived from a scalable
C-MEMS process. Microsyst. Nanoeng. 4, 38 (2018).
28. Salazar, A., Cardenas-Benitez, B., Pramanick, B., Madou, M. J. & Martinez-Chapa,
S. O. Nanogap fabrication by Joule heating of electromechanically spun
suspended carbon nanoﬁbers. Carbon 115, 811–818 (2017).
29. Sharma, S., Sharma, A., Cho, Y. K. & Madou, M. Increased graphitization in
electrospun single suspended carbon nanowires integrated with carbon-
MEMS and carbon-NEMS platforms. ACS Appl. Mater. Interfaces 4, 34–39 (2012).
30. Juodkazis, S., Mizeikis, V., Seet, K. K., Miwa, M. & Misawa, H. Two-photon
lithography of nanorods in SU-8 photoresist. Nanotechnology 16, 846 (2005).
31. Natu, R., Islam, M., Gilmore, J. & Martinez-Duarte, R. Shrinkage of SU-8 micro-
structures during carbonization. J. Anal. Appl. Pyrolysis 131, 17–27 (2018).
32. Amato, L. et al. Dense high-aspect ratio 3D carbon pillars on interdigitated
microelectrode arrays. Carbon 94, 792–803 (2015).
33. Singh, A., Jayaram, J., Madou, M. & Akbar, S. Pyrolysis of negative photoresists
to fabricate carbon structures for microelectromechanical systems and elec-
trochemical applications. J. Electrochem. Soc. 149, 78–83 (2002).
34. Park, B. Y., Taherabadi, L., Wang, C., Zoval, J. & Madou, M. J. Electrical properties
and shrinkage of carbonized photoresist ﬁlms and the implications for carbon
microelectromechanical systems devices in conductive media. J. Electrochem.
Soc. 152, J136 (2005).
Cardenas-Benitez et al. Microsystems & Nanoengineering            (2019) 5:38 Page 12 of 13
35. Hirabayashi, M., Mehta, B., Khosla, A. & Kassegne, S. Functionalization of pyr-
olyzed carbon structures for bio-nanoelectronics platforms. ECS Trans. 50,
325–331 (2013).
36. Ferrari, A. & Robertson, J. Interpretation of Raman spectra of disordered and
amorphous carbon. Phys. Rev. B 61, 14095–14107 (2000).
37. Pollack, B. et al. Nitrogen-rich polyacrylonitrile-based graphitic carbons for
hydrogen peroxide sensing. Sensors 17, p. 2407 (2017).
38. Ferrari, A. C. Raman spectroscopy of graphene and graphite: disorder,
electron-phonon coupling, doping, and nonadiabatic effects. Solid State
Commun. 143, 47–57 (2007).
39. Tuinstra, F. & Koenig, J. L. Raman spectrum of graphite. J. Chem. Phys. 53,
1126–1130 (1970).
40. Canton, G., Do, T., Kulinsky, L. & Madou, M. Improved conductivity of sus-
pended carbon ﬁbers through integration of C-MEMS and electro-mechanical
spinning technologies. Carbon 71, 338–342 (2014).
41. Bauer, J., Schroer, A., Schwaiger, R. & Kraft, O. Approaching theoretical strength
in glassy carbon nanolattices. Nat. Mater. 15, 438–443 (2016).
42. Shukla, S. et al. Subwavelength direct laser patterning of conductive gold
nanostructures by simultaneous photopolymerization and photoreduction.
ACS Nano 5, 1947–1957 (2011).
43. Serbin, J. et al. Femtosecond laser-induced two-photon polymerization of
inorganic–organic hybrid materials for applications in photonics. Opt. Lett. 28,
301 (2003).
44. Sun, H. B., Takada, K., Kim, M. S., Lee, K. S. & Kawata, S. Scaling laws of voxels in
two-photon photopolymerization nanofabrication. Appl. Phys. Lett. 83,
1104–1106 (2003).
45. Teh, W. H., Dürig, U., Drechsler, U., Smith, C. G. & Güntherodt, H.-J. Effect
of low numerical-aperture femtosecond two-photon absorption on (SU-
8) resist for ultrahigh-aspect-ratio microstereolithography. J. Appl. Phys.
97, 54907 (2005).
46. Yang, M., Lee, W., Shin, H. & Kim, D. Computational analysis for morphological
evolution in pyrolysis for micro/nanofabrication. J. Nanomater. 2015, p. 9
(2015).
47. Sokolnikoff, I. S. Mathematical Theory of Elasticity. (McGraw-Hill book company,
New York, 1956).
48. Chung, S. & Park, S. Effects of temperature on mechanical properties of SU-8
photoresist material. J. Mech. Sci. Technol. 27, 2701–2707 (2013).
49. Feng, R. & Farris, R. J. The characterization of thermal and elastic constants for
an epoxy photoresist SU8 coating. J. Mater. Sci. 37, 4793–4799 (2002).
50. Roch, I., Bidaud, P., Collard, D. & Buchaillot, L. Fabrication and characterization
of an SU-8 gripper actuated by a shape memory alloy thin ﬁlm. J. Micro-
mechanics Microeng. 13, 330–336 (2003).
51. Lee, J. A., et al. Fabrication and characterization of freestanding 3D carbon
microstructures using multi-exposures and resist pyrolysis. J. Micromechanics
Microengineering 18, 035012 (10pp) (2008).
52. Jones, R. M. Buckling of Bars, Plates, and Shells. (Bull Ridge Corporation,
Blacksburg, Virginia, USA, 2006).
53. Zhao, J. X., Bradt, R. C. & Walker, P. L. The fracture toughness of glassy carbons
at elevated temperatures. Carbon 23, 15–18 (1985).
54. Iacono, S. T., Perpall, M. W., Wapner, P. G., Hoffman, W. P. & Smith, D. W.
Carbonization and thermal expansion of glassy carbon derived from bis-ortho-
diynylarenes. Carbon 45, 931–935 (2007).
55. Thiha, A. et al. All-carbon suspended nanowire sensors as a rapid highly-
sensitive label-free chemiresistive biosensing platform. Biosens. Bioelectron.
107, 145–152 (2018).
56. Seo, J., Lim, Y. & Shin, H. Self-heating hydrogen gas sensor based on an array
of single suspended carbon nanowires functionalized with palladium nano-
particles. Sens. Actuators B Chem. 247, 564–572 (2017).
57. Pramanick, B., Vazquez-Pinon, M., Torres-Castro, A., Martinez-Chapaa, S. O. &
Madou, M. Effect of pyrolysis process parameters on electrical, physical, che-
mical and electro-chemical properties of SU-8-derived carbon structures fab-
ricated using the C-MEMS process. Mater. Today Proc. 5, 9669–9682 (2018).
(Elsevier Ltd.)
58. Lim, Y., Kim, S., Kwon, Y. M., Baik, J. M. & Shin, H. A highly sensitive gas-sensing
platform based on a metal-oxide nanowire forest grown on a suspended
carbon nanowire fabricated at a wafer level. Sens. Actuators B Chem. 260,
55–62 (2018).
59. Eschenbaum, C. et al. Hybrid lithography: combining UV-exposure and two
photon direct laser writing. Opt. Express 21, 29921–29926 (2013).
60. Seet, K. K., Juodkazis, S., Jarutis, V. & Misawa, H. Feature-size reduction of
photopolymerized structures by femtosecond optical curing of SU-8. Appl.
Phys. Lett. 89, p. 024106 (2006).
61. Teh, W. H. et al. SU-8 for real three-dimensional subdiffraction-limit two-
photon microfabrication. Appl. Phys. Lett. 84, 4095–4097 (2004).
Cardenas-Benitez et al. Microsystems & Nanoengineering            (2019) 5:38 Page 13 of 13
